An improved cluster dynamics model has been developed for studying the behaviors of hydrogen retention in tungsten under hydrogen ions irradiation. In addition to di®erent types of objects, adopting up-to-date parameters and complex reaction processes, we newly introduce ion-induced and natural defects into our model. This improved model programmed in IRadMat2 could describe very well the depth distributions and the amounts of hydrogen retained in tungsten under di®erent radiation conditions. The calculated results agree with the experimental ones much better than the previous model, especially for the depth-distribution of D retained in W, which imply that this model is applicable to the evolution of defects especially for low energy high°ux ions irradiated on plasma-facing materials.
Introduction
Tungsten (W) is the most promising candidate armor material for the ITER divertor and perhaps the whole¯rst wall in the future reactors due to its good thermal properties and low sputtering erosion yield. As a plasma-facing material (PFM), W is subjected to intensive°uxes of energetic hydrogen isotope (H, D and T) and helium (He) as well as 14.1 MeV neutrons from the D-T fusion reaction. 1 Ions bombardment will produce radiation-induced defects and changes in microstructure, hence, physical and mechanical properties. 2, 3 Moreover, hydrogen isotope ions injected into W would be deeply trapped by lattice defects such as vacancies and dislocation loops formed by themselves or neutron irradiation, 4 which can further a®ect the fuel e±ciency. Thus, issues arising from the interaction of H and tungsten are important for the design and operation of fusion devices. So far, however, the mechanism of H trapping and diffusion in W is not well understood. In order to assess the retention mechanisms, many experimental researches have been done and obtained series of results in the depth pro¯les and the amounts of ions retained in W etc. in recent years in ion beam and linear plasma devices. 1,5À13 However, all of the behaviors of H retention in W are related to the underlying microscopic mechanisms of defects di®usion and accumulation, unfortunately, cannot be obtained directly through experiments.
Meanwhile, the corresponding theoretical studies have also been performed using a multi-scale modeling from atomistic to continuum approaches. 14, 15 Particularly, for the long-term kinetic evolution of defects, kinetic Monte Carlo (KMC) 16, 17 and cluster dynamics (CD) model 4,18À20 are commonly used. On one hand, KMC model can account for the spatial and temporal correlations, but it is limited to small volumes ($ m), low irradiation dose (typically much less than 1 dpa) and small time scales. Becquart et al. have developed an object KMC model based on the ab initio parametrizations 16, 17 to investigate the microstructural evolution of irradiated W with He, but the model cannot be applied to the case of long-range scale di®usion due to its lower e±ciency. On the other hand, in spite of excluding of the stochastic e®ects/spatial correlations caused by the random nature of the cascade initiation, the CD model based on the mean-¯eld rate theory can explore the evolution of defects over large space scale (intermediate-length) and over large time scales ($ s to years) that close to those achieved experimentally, which predict the same behavior as KMC models at least at low temperature, 21 for irradiation conditions that produce a high density of defects and for materials that have a relative high density of¯xed sinks. 22 Using a simple model based on rate theory, Xu et al. have investigated the e®ects of T/He on the microstructure evolution in W during T/He and neutron irradiations. 4, 18 Perhaps, more reliable parameters or more reasonable reaction mechanisms of defects should be addressed to obtain credible results. In order to obtain more reliable results of He retention in W and compare with the experiments, we have developed the CD model and investigated He retention in W during He and neutron irradiations, 19, 20 where the calculated results are good agree with the experiments. However, for the case of H, the behaviors/ mechanisms are quite di®erent from He. Henriksson et al. shown the signi¯cant di®erent behaviors of interstitial H and He atoms in W and explained the di®erent bubble-formation depth of H from He as observed in the experiment. 23 Therefore, in order to investigate the H retention in W and obtain more reliable results, we should improved our previous model by considering the new features of H in W.
Thus, the aim of this work is to improve our previous CD model and further to correctly describe the behaviors of H retention in W. The present results are compared with the previous ones and the di®erence of H retention in W from He is demonstrated. The new model enable us to improve the understanding of the behaviors of H retention in W.
Theoretical Model
Based on the framework of our CD model of He di®usion and accumulation in W, 19, 20 by considering the di®erent behaviors between H from He in W and the new features of low energy high°ux H implantation, we have newly improved it by taking account of di®erent types of objects, ion-induced defects and natural defects, adopting up-todate parameters and complex reaction processes as well as the di®usion processes of mobile defects in a long-range space scale.
Master equations
The CD model used here can provide information about the roles of di®erent migration and reaction mechanisms, as well as the di®usion processes along depth for di®erent defects. Several assumptions are employed as following:
(1) The basic types of defects included in the model are self-interstitial atoms (SIAs, I), vacancies (V ), hydrogen atoms (H) and the formed complex clusters (I n ; HI; and H m V , where m, n is the number of defects in a loop/cluster) by binary reactions. In addition, other inherent sinks like dislocation lines (L) and vacancies are also included. (2) Only SIAs (I), di-interstitials (I 2 ), vacancies (V ) and hydrogen atoms (H) are considered to be mobile for simpli¯cation, while all other defect clusters are considered to be immobile. (3) Maximal number of hydrogen atoms absorbed by a vacancy is eight according to the¯rst principles calculations.
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(4) The formation of vacancy clusters and hydrogen-vacancy clusters (H m V n , n > 1) is neglected for simpli¯cation owing to the very low mobility of vacancies on the present conditions mentioned here.
The evolution of mobile defects are described in a set of one-dimensional spatial di®usion-reaction equations by taking into account their di®usion and possible reactions with other defects, while immobile clusters are described by the master equations. So, rate equations of interstitials, vacancies, hydrogen, hydrogen-interstitial and hydrogen-vacancy clusters can be expressed, respectively, as
where, C eq ð ¼ I; V Þ are the concentrations of SIAs and vacancies at thermodynamical equilibrium, and N I ; M H are the maximum size of interstitial loops and H atoms in H m V complexes, respectively. Here, all equations (Eqs. (1)À (7)) are solved for a set of depth points of N Z .
Rate coe±cients
The rate coe±cients describe the physical production rates and the rates of capture and emission of point defects by defect clusters as listed in Table 1 . These processes include the production and recombination of I À V point defects and the reactions of I n À j ¼I;I 2 ;V , V À j ¼I;I 2 ;H , H À j ¼I;V , H m V À j ¼I;H , HI À V and L À j ¼I;I 2 ;V ;H . The rate distribution of H near surface is estimated by TRIM-code. 25 The fundamental details of the rate coe±cients are described in Refs. 19 and 20.
Ion-induced defects
Series of experimental researches have reported that high°ux and low energy of D plasma irradiation on W can produce defects in the near surface. 26, 27 Lindig et al. have investigated the high°ux (10 22 D m À2 s À1 ) and low energy (38 eV) of D plasma irradiated polycrystalline tungsten and reported that Cracks and large cavities were observed beneath the surface. 26 Alimov et al. have measured its depth distribution of D in W used the nuclear reaction analysis (NRA) method and found a D concentration peak in the near surface. 27 Ogorodnikova et al. pointed out that it is a nonclassical behavior of H in W, which cannot be explained by the mechanism of di®usion and trapping alone. 9 In fact, microscopic damage of W such as vacancies, interstitials and dislocation loops can be formed during high°ux and low energy hydrogen implantation. When the incident°ux is higher than the rate of H di®usion out of the implantation range, all traps will be¯lled with H and reach a local supersaturation near the surface due to the low solubility of H in W. Then one more H atom will result in tensions and stresses, which can produce ion-induced defects (interstitials, vacancies and voids etc.). 9 In our model, only Frenkel pairs are introduced as ion-induced defects for simpli¯cation.
The increase of the traps density È with°uence can be written in analogy to spontaneous recombination of defects in metals, 
where I 0 is the incident°ux, r is the re°ection coe±cient, ðxÞ is the depth distribution of ion-induced defects, is the rate of the defect creation and È m is the maximal defect concentration. Then the time-dependence of the trap density is given by,
where ðxÞ is set as a Gaussian distribution for simpli¯cation.
Numerical method
The evolution of cluster size is then obtained through numerical resolution of large number partial di®erential equations (PDEs). However, the interstitial loops considered here contain a large number of SIAs, which would exceed the current capability of computers. In order to extend this limit and increase the computation e±ciency, for larger size interstitial loops, the discrete master equation is usually transformed into a continuous FokkerÀPlank type equation by Taylor series expansion up to second-order terms. Details of the treatment are described in Refs. 19 and 20. The PDEs are transformed approximately to conservative¯nite di®erence equations on the nonuniform mesh by using central¯nite di®erencing, i.e. the set of ordinary di®erential equations (ODEs). Here, the system of ODEs is solved by using lsoda subroutine packages, 29 which is well known as a fast solver for ODEs based on the explicit predictorÀcorrector method with an automatic switch for stable and nonstable problems. In practice, the parameters are set as n $ hundreds, M H $ several and N Z $ tenths in general, by considering their respective precipitate size mentioned here. Thus the total number of the ODEs is estimated typically in the order of $ 10 3 here. All the above formulas are programmed as IRadMat2, which is e±cient enough that no more than several hours are necessary for the most timeconsuming input condition when using a modern personal computer.
Results and Discussion
To simulate the experimental results as well as to make the results more reliable, we carefully choose parameters by considering the published values from experiments and ab initio/MD calculations, which are given in Table 2 . Here, the capillary law approximation 19 is used to obtain the binding energies of mobile point defects ðI; I 2 Þ with di®erent types of large loops ðI n Þ. The binding energies of H atom with H m V for clusters up to size 8 are obtained by ab initio calculations as described in Ref. 24 . In order to show the improvements of the model, we take the case of deuterium (D) retention in W for example and investigate the behaviors of hydrogen isotope in W. 12 shows a D concentration peak appears in the near surface region, which is a nonclassical behavior of low energy H irradiation on W, cannot be explained by the mechanism of di®usion and trapping alone. 9 In fact, ion-induced traps should be formed in this region leading to a D concentration peak. In our previous CD model, SRIM code 25 is used to estimate the rate distribution of ion-induced defects near the surface. However, according to TRIM calculations, 200 eV D þ cannot produce Frenkel pairs in W due to the small energy transfer, so that no D concentration peak exists as shown in Fig. 1 . By introducing ion-induced defects in the present model, a D concentration peak also appears in the near surface region as experiment. The lower peak of the concentration obtained from the calculation than that from experiment can be a®ected by many factors. On one hand, the manufacture and pre-treatment of W and measurement errors in experiments can signi¯cantly a®ect the experimental results of D retention in W. 5,7,9À13 On the other hand, several approximations introduced in the present model, that is, excluding the formations of V n and D m V n ðn > 1Þ clusters and neglecting the adsorption of D by ion-induced dislocation loops, would also cause the deviation. In fact, voids and bubbles could be induced during D þ implantation in the near surface, which can trap a fraction of D in the form of D m V n . 26 However, owing to the very low mobility of vacancies on the condition mentioned here, they are also neglected in our model. 4 Moreover, both the previous and present model is only considering the adsorption of D by dislocation lines in the bulk, thus, the calculated results do not describe the experimental depth pro¯le much well. Further improvements of the model are required as discussed below.
As shown in Fig. 2 , the depth distributions of D in polycrystalline W are given under 200 eV D þ irradiation with di®erent implantation°uxes,°uences and irradiation temperatures. The experimental results by Alimov et al. 12, 13 show the features of D retention in polycrystalline W in several respects, i.e. a peak in the near surface layer (0À0:2 m), a decrease in the sub-surface layer (0.2À3 m) as well as a steady state in the bulk (at least after 3 m). The previous calculations consider the natural defects (dislocations and grain boundaries (GBs)) just as the inherent sinks of mobile defects (I; I 2 ; V ; He; H) with the uniform and in¯nite adsorption. In the case of low°ux of He implantation, these approximations are reasonable as shown in Refs. 19 and 20. However, for the case of high°ux of D implantation, previous model cannot describe the experimental depth at all as shown in Fig. 2 , which is mainly due to the di®erent trapping mechanisms of H and He atoms in W 23 : On the one hand, He can trap with other He atoms to form bubble seeds, while the HÀH interaction in the W lattice is repulsive at short HÀH distances, preventing self-trapping. On the other hand, vacancies or vacancy clusters can trap He much more than H.
In fact, both single and polycrystalline W have natural defects not only the dislocation lines but also vacancies, interstitials, impurities etc. For polycrystalline W, GB is another factor that signi¯cantly a®ect the behaviors of D retention in W. Zhou et al. 39 have investigated the trapping mechanisms of H by a tungsten GB based on the¯rst-principle method and found that the GB can hold no more than 2 H atoms because the isosurface of optimal charge density almost disappears with the second H atom in. It is the reason why the approximation of GBs as a type of inherent sinks for mobile D does not describe the experimental results in our previous model. Taking into account the lower vacancy formation energy in the GB as compared with the bulk, Zhou et al. proposed that the experimentally observed H bubble formation in the W GB should be via a vacancy trapping mechanism. Furthermore, it is also necessary to consider the intrinsic vacancies in our model, thus, we just include dislocations and vacancies as the natural defects in W for simpli¯-cation as Ogorodnikova et al. did in Ref. 9 .
By considering ion-induced defects and natural defects in polycrystalline W, we applied our model to investigate the behaviors of D retention in polycrystalline W as shown in Fig. 2 . Good agreements between experiment and modeling are obtained with di®erent calculation conditions, 12, 13 which implies that the mechanisms of vacancy trapping signi¯cantly a®ect the behaviors of D retention in polycrystalline W. However, experimental result shows a D concentration platform in the range of (1À3 m) which is not seen in our calculation as shown in Fig. 2(a) . With the ions implantation, ion-induced vacancies are formed around the implantation area and cause a D concentration peak near surface, while the interstitials migrate much deeper into the bulk due to its high di®usivity and form dislocation loops in this region, we propose that the D concentration platform is mainly contributed by the adsorption of dislocation loops. When the temperature increased to 573 K, the platform disappears as shown in Fig. 2(b) due to the lower binding energy between H and dislocation loops.
Implantation of hydrogen isotope into W PFMs leads to much concerns about ions inventory after long-term plasma exposure. The amounts of ions retained in W are usually measured by nuclear reaction analysis (NRA) and thermal desorption spectroscopy (TDS). 1 However, theoretical investigation about that is still insu±-ciency. Based on our previous and present CD model, we calculate the amounts of D retained in W with di®erent ion°uences. The results are comparable with the experimental as shown in Fig. 3 . The results obtained by the present model follow a linear increase along the increasing°uence like di®erent experimental results while the results from previous model have a little di®erence. The amount of D retained in W for both of the models have a similar trend with the increasing°uence at high incident°uence, while the trend calculated by the previous model increases faster than the present model at low incident°uence, which is mainly due to the poor approximation of that the in¯nite adsorption rate of D by GBs increases with the increasing°uence. Moreover, Tian et al. 7 used TDS method to investigate the°uence dependence of D retention in W with di®erent types of tungsten specimens, ion energies and irradiation temperatures and found a saturation trend for incident°u ences above 2 Â 10 24 D m À2 under 200 eV D þ irradiation on Rembar foil at 300 K. For the case of high incident°uence, cracks and pores etc. may occur during ion implantation, di®usion may be impeded in the near-surface preventing trapping sites from deep in the bulk. We concern this is a most possible explanation for the saturation trend at 300 K. However, a further study is still needed to look insight the in°uence of high incident°uence. 
Conclusions
To investigate the behaviors of H retention in W, an improved CD model has been developed based on a previous CD model which could simulate the behaviors of He retention in W with satisfaction. Due to the di®erent mechanisms of di®usion and accumulation between H and He in W, we improve the CD model in the present work by involving di®erent types of objects, ion-induced defects and natural defects, adopting up-to-date parameters and complex reaction processes as well as considering the di®usion and accumulation processes along depth, which are implanted in the code IRadMat2. The depth distributions of H in W with di®erent°uxes,°uences and temperatures are investigated as well as the°uence dependence of the amount of H retained in W. The results from the improved model are comparable with the experiments much well. It concludes that: Firstly, low energy H implantation can also cause ion-induced defects which trapped lots of H atoms and formed a H concentration peak in the near-surface. Secondly, ion-induced SIAs migrate to the subsurface layer and recombine with the inherent vacancies and D m V clusters, leading to the H concentration decreases in this region. Finally, the amount of H retained in W follows a linear increase along the increasing°uence when the°uence ranged from 10 21 to 10 25 D m À2 .
